ity in rainfall erosivity and associated sediment yield. Rainfall erosivity and sediment yield can be measured measurements from a single rain gauge can lead to large can be as great or greater than spatial variability in rainfall depth.
S
everal applied environmental problems require esof rain to erode soil. Rainfall erosivity has been calcutimation of soil loss and associated sediment yield lated using a number of combinations and intervals of resulting from water erosion. Assessments of soil erosion precipitation characteristics (Wischmeier and Smith, are needed to evaluate contaminant mobility (Johansen 1958; Brown and Foster, 1987) . The most general and et al., 2003) , archeological site stability (Sydoriak et al., most often recommended approach for estimating rain-2000), soil C reserves (Breshears and Allen, 2002) , postfall erosivity uses the interaction between the storm fire hydrology Johansen et al., 2001, energy (E) (MJ ha
Ϫ1
) and the highest continuous 30-2003; Wilson et al., 2001) , indices of ecosystem health min rainfall intensity (I 30 ) (mm h
). Storm energy is (Davenport et al., 1998) , and efficacy of land management determined empirically using the method of Brown and treatments (Hastings et al., 2003) . Hydrological models Foster (1987) . The product of these factors equals rainare often essential tools for such assessments and vary fall erosivity (N h Ϫ1 ), noted as EI 30 . EI 30 has been shown greatly in the level of complexity included. Generally to be a better predictor of sediment yield than rainfall these models are quite sensitive to some attributes of depth (Wischmeier and Smith, 1958; Foster et al., 1982 ) the input precipitation. Consequently, variation in preand is commonly used in modeling soil loss and sediment cipitation input, spatially as well as temporally, can be yield (Renard et al., 1997) . Although rainfall erosivity quite important for assessments of soil erosion and sediis recognized as an important predictor of soil loss and ment yield. associated sediment yield, and rainfall depth has been Soil erosion and sediment yield are, of course, depenshown to vary substantially over short distances within dent on runoff and its associated variability. Here we the same watershed, spatial variability in rainfall erosivfocus on the largely unaddressed issue of spatial variability has not been quantified over short distances of tens to hundreds of meters. Yet many models' simulations . The highest 30-min rainfall intensities measured in this rainfall erosivity, highlighting the potential importance study rarely exceeded a value of 10 mm h
. In spite of the of this factor in studies, simulations, and assessments reported accuracy rating, the measurement error associated with larger events is small relative to the large spatial variabilrelated to soil erosion.
ity in rainfall erosivity reported for this study. Peak 1-min rainfall intensities may, however, be underestimated as a result
Study Area
of errors associated with a tipping bucket rain gauge.
The study area is the site of an ecosystem boundary Data were analyzed to quantify total storm depth, highest continuous 30-min storm intensity period, and storm energy.
shift between a Ponderosa pine (Pinus ponderosa C.
Storm energy was calculated after Brown and Foster (1987), Lawson) savanna and a piñ on-juniper woodland located multiplied by the highest 30-min intensity, and converted to in Bandelier National Monument, New Mexico (36Њ46Ј newtons per hour using a factor of 1.702 (Renard et al., 1997) .
25″ N, 106Њ16Ј21″ W) at an elevation between 1948 and
Calculations of storm rainfall intensity for storms Ͻ30 min in concern.
analysis of a complete sediment yield catch, we concluded these constituents comprised a small proportion of the total
MATERIALS AND METHODS
mass of material generated by these larger storms.
The soil was excavated, air-dried, and weighed to the nearRainfall was characterized using 12 tipping-bucket rain est 0.1 kg with a bucket and spring scale. Microwatershed gauges (20.3-cm diameter) that were randomly located in a 40-ha watershed. Rain gauges were placed approximately contributing areas were surveyed using a total station survey unit and prism with area accuracy to the nearest 0.001 ha. Sediment yield (kg ha Ϫ1 ) for each microwatershed was calculated for each storm by dividing the total dry mass of sediment (kg) by the microwatershed area (ha). Additional methodological details were described in Hastings (2002) ; additional related analyses of an expanded portion of this data set were reported in Hastings et al. (2003) .
RESULTS
We recorded 14 rainfall-runoff events (Ͼ1 mm) that varied in several characteristics both spatially and temporally. Total precipitation for the study periods equaled 148.5 mm between 20 June and 30 Sept. 2000, and 129.2 mm between 1 June and 30 Sept. 2001. Precipitation totals are low when compared with a 76-yr, long-term precipitation average of 201 mm for the same period of time (Bandelier National Monument, 2001 ). Mean storm duration was 54 min (range: 16-111 min), with peak rainfall intensities commonly only 1 to 2 min in duration. The maximum peak 1-min rainfall intensity, recorded from any one rain gauge and across all storms, was 168 mm h
Ϫ1
. Temporal variability in the measured parameters of rainfall depth, erosivity, and sediment yield for each of the four microwatersheds for which sediment yield was measured is represented in Table 2 . The results in Table 2 exhibit consistent variation across all 14 storms each storm (n ϭ 14) (Fig. 1b) . The CV over all storms for rainfall depth ranged from 5 to 26%, with a median of 15%. The CV over all storms for rainfall erosivity erosivity calculated from four rain gauges, each adjacent was much more variable than that for the CV for rainfall to or within an associated micowatershed. Median total depth, ranging from 9 to 73%, and also having a greater sediment yield from all 14 storms for the four micromedian of 22%. Furthermore, 5 of 14 storms exceeded 30% CV in rainfall erosivity across 12 rain gauges. The most spatially variable storm, relative to rainfall erosivity (August 9, 2000), had a rainfall erosivity gradient that varied by a factor of five (5-25 N h Ϫ1 ) in Ͻ300-m distance (Fig. 2) . This storm was the second largest magnitude storm (EI 30 ) of the 14 total storms recorded.
To confirm that spatial differences in rainfall erosivity impacted site sediment yield, we measured sediment yield collected within the check dams of the four small (Ͻ0.1 ha), replicated microwatersheds. Sediment yields were compared with (i) rainfall depth and (ii) rainfall Spatial variation in rainfall depth and rainfall erosivity has important implications for site estimates of these values and for model simulations that depend on them as input. Osborn et al. (1972) recommended that one centrally located rain gauge would be sufficient for watersheds up to about 50 ha in southeastern Arizona, but here we document extreme gradients in rainfall erosivity in short distances in watersheds smaller than 50 ha for north-central New Mexico. Dunne and Leopold (1978) further reported that sparse rain gauge networks in semiarid areas tend to underestimate rainfall characteristics required for planning, conservation practices, and engineered structures. The potential effects of such spatial variation need to be considered in concert with modeling or assessment objectives. Faures et al. (1995) determined that the spatial variability of precipitation depth could translate into large variations in modeled runoff in a semiarid area of Ͻ5 ha. They were able to reduce the CV of predicted runoff 10% by increasing the number of rain gauges from 1 to 8 within a 4.4-ha watershed.
Our results also highlight the importance of considering temporal variation with respect to high temporal resolution precipitation data. A common standard in rainfall data records is 15-min resolution. We suggest that our 1-min resolution rainfall data increases the abil- ity to capture the temporal variability and detail of rainand rainfall depth vs. sediment yield (log/log) for four selected microwatersheds and associated rain gauges across 14 convective fall intensity, which in turn helps us to quantify the thunderstorms or rainfall-runoff events.
spatial variability of rainfall erosivity. The short 1-to 2-min duration peak rainfall intensities recorded at such watersheds was 6380 kg ha Ϫ1 . The CV for sediment yield high resolution may be the impetus for significant runoff and influence behind generating rainfall erosivities that ranged from 23 to 151%, with a median of 32% (n ϭ drive sediment yield. For intense convective storms, 14). Spatial variation was high. For example, one microsuch as those we studied, 15-min resolution data would watershed exhibited 2.6 times more sediment yield than be insufficient to detect critical periods of high erosivity, an adjacent microwatershed, separated by only 200 m.
especially because several of the storms analyzed for However, we found that when storm sediment yields this study were Յ15 min in duration. from each microwatershed were compared with storm Improved estimates of sediment yield are needed to values of rainfall depth and rainfall erosivity evaluated address a variety of issues in semiarid woodlands. Large from their associated rain gauges, rainfall erosivity exportions of these areas are experiencing accelerated erohibited a stronger positive correlation than rainfall sion as a result of cumulative impacts of past land mandepth (Fig. 3) . This provides an indication of the magniagement (e.g., overgrazing), drought, and fire (Allen tude of spatial variability in rainfall erosivity even for and Davenport et al., 1998; Wilson et -2003) . Furthermore, as climate change progresses, more tion in rainfall erosivity as well as in rainfall depth across extreme precipitation events are expected (IPCC, 2001) , gauges within Ͻ300 m of one another. Notably, rainfall leading to increased erosivity (Nearing, 2001) . Effective erosivity varied by as much as a factor of 5 within a management of these woodlands is needed to address storm, and the spatial variation in rainfall erosivity was diverse issues include grazing, carbon management (Davusually at least as large as that in rainfall depth, often enport et al., 1998; Breshears and Allen, 2002) , and conexceeding it. The degree of spatial variation varies with taminated sediment transport (Johansen et al., 2003) . storm and could be amplified or dampened depending
Higher spatial resolution estimates of sediment yield on storm types and the evaluation period. Although our and/or improved estimates of spatial variability and the study may not have been long enough to determine how mechanisms that drive sediment yield will be needed to these patterns might vary over multiyear intervals, it is address some critical aspects of these issues. nonetheless sufficient to highlight the large degree of spatial variation in rainfall erosivity and provides an
SUMMARY AND CONCLUSIONS
initial estimate of the magnitude of spatial variation for a system within the intensively studied woodland In summary, we document that spatial variation in rainfall erosivity within distances of a few hundred mecomplex near Los Alamos. 
